ABSTRACT -We investigated the age-related changes in reproductive function in female rats of the Crl:CD(SD) strain. The estrous cycles were monitored from 6 to 42 weeks of age. Other females were mated with males at 6, 8, 10, 15, 19, 23, 27, 31, 35 and 40 weeks of age and caesarean section was performed on day 20 of gestation to examine their fetuses, and then reproductive parameters were calculated and fetal growth was observed. The percentage of rats exhibiting irregular estrous cycles increased from 23 weeks of age. The copulatory and fertility indices decreased from 35 and 27 weeks of age, respectively. Dams at 6 weeks of age showed low numbers of corpora lutea and implantation sites. Although the number of corpora lutea was not affected by advanced maternal age, number of implantation sites decreased from 27 weeks of age. The pre-and post-implantation loss rates increased from 23 and 31 weeks of age, respectively, and the number of live fetuses decreased from 27 weeks of age. Fetal growth retardation was observed in maternal rats older than 31 weeks of age. The external observations on the fetuses revealed umbilical hernia at 35 to 40 weeks of age. These data indicated that maternal aging affected reproductive function and fetal development from 23 and 31 weeks of age, respectively. It was considered that the appropriate age of Crl:CD(SD) female rats for the assessment of reproductive toxicity were 8 to 22 weeks.
INTRODUCTION
Elder women and female mammals show a decline in reproductive function with irregular menstrual and estrous cycles, ovulatory disturbance and decrease in fertility (Cooper et al., 1980; Dunson et al., 2004; Matt et al., 1998; Nass et al., 1984; Weiss et al., 2004) . Rats are widely used in reproductive and developmental toxicity studies to evaluate the effects of pharmaceuticals and chemicals on the estrous cycle, fertility and the development of embryos/fetuses. Therefore, an appropriate age of the female rats should be selected for reproductive and developmental toxicity studies. However, the guideline for reproductive and developmental toxicity study does not specify the age of the animals (ICH Steering Committee, 1993 , 1994 , 1995 OECD, 2001a OECD, , 2001b . Although the decline in reproductive function with advance in maternal age should be considered, there are few studies that have investigated the precise age-related changes in the reproductive parameters and fetal growth. Previous studies reported that a small litter size, low fertility and suppressed embryonic/fetal viability were observed in middle-age rats of Wistar strain (Lapolt et al., 1986; Matt et al., 1987) . However, these reports focused on only the viability of the embryos/fetuses and no reports concerning estrous cycles and mating throughout their conceptuses were found.
In the present study, we used nulliparous SpragueDawley rats (Crl:CD(SD) rats), which is the most common strain for reproductive toxicity study and investi-gated how increasing maternal age affected reproductive function including the estrous cycles, mating and embryo/ fetal development. The estrous cycles of female SD rats were monitored from 6 through 42 weeks of age and the changes in the reproductive parameters were examined including copulation and fertility indices, number of corpora lutea and implantation sites, pre-and post-implantation loss rates, number of live fetuses, and fetal growth from 6 to 40 weeks of maternal age. External, visceral and skeletal observations were also performed for their live fetuses. According to these data, we evaluated the approximate age for reproductive and toxicity studies.
MATERIALS AND METHODS

Animals
Female Crl:CD(SD) rats, obtained from Charles River Japan, Inc. (Kanagawa, Japan) at 5 or 8 weeks of age, were housed individually under lighting conditions of a 12-hr light/dark cycle (lights on from 7:00 to 19:00). The animals were allowed free access to tap water and a laboratory animal diet (CR-LPF, γ-ray irradiated, Oriental Yeast Co. Ltd., Tokyo, Japan) and were acclimated for at least 1 week prior to the experiments. All animal studies were performed in accordance with the institutional guidelines for animal care at Takeda Pharmaceutical Company Limited.
Determination of the estrous cycles
Vaginal smears were monitored daily in the morning from 6 weeks to 42 weeks of age (N = 48). The vaginal smears, collected using a swab, were stained with Giemsa's solution after ethanol fixation and examined for signs of abnormalities in the estrous cycles. The types of estrous cycles were classified as follows: normal estrous cycle (4-or 5-day estrous cycle) and irregular estrous cycles including prolonged estrous cycle (6-day or longer estrous cycle), persistent estrus (cornified cells were predominant in the daily vaginal smears) and persistent diestrus (continuous diestrus phase). Estrous cycles were evaluated for 2 weeks at 6-7, 8-9, 9-10, 11-12, 16-17, 21-22, 23-24, 26-27, 31-32, 36-37 and 41-42 weeks of age.
Study for mating ability, fertility and embryo/fetal development
Mating was performed at 6, 8, 10, 15, 19, 23, 27, 31, 35 and 40 weeks of age (N = 10 for 6-27 weeks and N = 20 for 31-40 weeks of age) after monitoring the estrous cycles for 1 week. Females were mated on a one-to-one basis with males for up to a maximum of 1 week. The females were examined daily for the presence of a copulation plug and the day on which the plug was found was designated as day 0 of gestation. All the dams were sacrificed by exsanguination under carbon dioxide anesthesia and then necropsied on day 20 of gestation. The numbers of corpora lutea and implantation sites and the numbers of dead embryos/fetuses (resorptions, placental remnants and dead fetuses) and live fetuses were counted for animals that were pregnant. The live fetuses were weighed and examined for external abnormalities. For the visceral observation, approximately half of the live fetuses were injected with a saturated magnesium chloride in 10 vol% neutral buffered formalin solution into the thoracic cavity, and fixed in 10 vol% neutral buffered formalin. Fetuses were examined for visceral abnormalities and variations according to Barrow's and Wilson's techniques (Barrow and Taylor, 1969; Wilson, 1965) . The remaining live fetuses in each litter were eviscerated, fixed in 99 vol% ethanol and stained with alizarin red S by a modified Dawson's technique (Dawson, 1926) . The fetuses were examined for skeletal abnormalities and variations. In addition, the degree of ossification was examined by counting the sacro-caudal vertebrae. All observations on the fetuses were conducted using a dissecting microscope.
Statistics and evaluation of data
For each examination, the data for each age were compared to those at 10 weeks of age as the control. The data were tested by Bartlett's test for homogeneity of variance. Estrous cycles, copulation and fertility indices, the numbers of corpora lutea and implantation sites, the pre-and post-implantation loss rates, numbers of live fetuses and the numbers of ossified sacro-caudal vertebrae were tested by the non-parametric Steel's test because the variances were not homogenous. Body weights of fetuses obtained at these maternal ages were tested by the parametric Dunnett's test because the variances were homogenous. The statistical analysis was performed using the SAS function PROBMC (SAS/STAT Software: Changes and Enhancements, through Release 6.11. SAS Institute Inc., Cary, NC, USA). All parameters were also compared to the historical data in our laboratory.
RESULTS
Estrous cycle
At 9-10 weeks of age, all 48 females showed normal estrous cycles. There was no significant differences between 9-10 weeks of age and any other age. However, the percentages of rats exhibiting normal estrous cycles at ages older than 23-24 weeks of age were lower than the minimum value in the historical data in our laboratory (90%). The percentage of rats exhibiting normal estrous cycles at 23-24 weeks of age was 89% and this reached 35% at 41-42 weeks of age. The main type of irregular estrous cycles was prolonged estrous cycle observed at 23-24 weeks of age while persistent estrus became frequent after 26-27 weeks of age followed by persistent diestrus. The frequency of normal estrous cycles, prolonged estrous cycles, persistent estrus and persistent diestrus at 41-42 weeks were approximately 35, 25, 5 and 35%, respectively (Fig. 1) .
Reproductive parameters
In the animals that were necropsied on day 20 of gestation, 100% of females showed normal estrous cycles at 10 weeks of age. Rats older than 31 weeks of age showed a lower percentage of normal estrous cycles (75%) than the minimum value in the historical data in our laboratory (90%), and the percentage of rats exhibiting normal estrous cycles at 40 weeks of age was 65% (Fig. 2A) . The copulation and fertility indices at 10 weeks of age were 100%. There were no significant differences in dams at any age when compared to dams in 10 weeks of age. However, the copulation index in dams older than 35 weeks of age and the fertility index in dams older than 27 weeks of age were lower than the minimum value in historical data in our laboratory (copulation index: 90.0%, fertility index: 90.0%). The copulation index at 35 weeks of age was 80% and the fertility index at 27 weeks of age were 78%, and these parameters decreased to 70% at 40 weeks of age (Fig. 2B) . The numbers of corpora lutea and implantation sites at 10 weeks of age were 15.7 and 14.6, respectively, and these parameters were not signifi cantly different between dams at 10 weeks of age and dams of any other age. However, the numbers of corpora lutea at 6 weeks of age (13.9) were lower than the minimum value in the historical data in our laboratory (14.4) and this parameter was not affected by advanced maternal age. The numbers of implantation sites at 6 weeks of age and older than 27 weeks of age were lower than the minimum values in historical data in our laboratory (13.5). The numbers of implantation sites at 6 and 27 weeks of age were 12.3 and 12.6, respectively, and decreased to 10.4 at 40 weeks of age (Fig. 2C ).
Caesarean sections (Embryo/fetuses development)
The pre-and post-implantation loss rates at 10 weeks of age were 8% and 9%, respectively. There were no signifi cant differences between the dams at 10 weeks of age and those at any other age. However, the pre-implantation loss rates in dams older than 23 weeks, except at 35 weeks and the post-implantation loss rates in dams older than 31 weeks were higher than the maximum value in the historical data in our laboratory (pre-implantation loss rate: 14.2%, post-implantation loss rate: 10.9%). The pre-implantation loss rate at 23 weeks of age was 20%, and increased to 30% at 40 weeks of age (Fig. 3A) . The post-implantation loss rate at 31 weeks of age was 25% and increased to 40% at 40 weeks of age (Fig. 3B) . The number of live fetuses at 10 weeks of age was 13.0, and that was signifi cantly higher than that at 40 weeks of age. Further, this parameter at 6 weeks of age and older than 27 weeks was lower than that minimum value in historical data in our laboratory (12.9). The numbers of live fetuses at 6 and 27 weeks of age were 12.0 and 11.4, respectively and this decreased to 5.9 at 40 weeks of age (Fig. 3C) .
Fetal growth and morphological abnormality
Body weights for the male and female fetuses at 10 weeks of maternal age were 3.67 and 3.48 g, respectively.
The body weights for male fetuses at 40 weeks of maternal age (2.99 g) and those in females at 35 and 40 weeks of maternal age (3.12 and 3.04, respectively) were signifi cantly lower than those at 10 weeks of maternal age (Fig. 4A) . The number of ossified sacro-caudal vertebrae at 10 weeks of maternal age was 7.7 while that at 40 weeks of maternal age (6.7) was signifi cantly lower than that at 10 weeks of maternal age. The number of ossifi ed sacro-caudal vertebrae at 19 weeks of age and older than 31 weeks of age were lower than the minimum value in the historical data in our laboratory (7.6) (Fig. 4B) . The numbers of ossifi ed sacro-caudal vertebrae at 19 and 31 weeks of age were 7.4 and 7.2, respectively. In the fetal external observations, umbilical hernia was observed in 3 of 132 (2.1% as the total litter mean) and 1 of 59 (5.6%) fetuses from different dams at 35 and 40 weeks of maternal age, respectively. The incidences were outside the historical data in our laboratory (maximal value 0.6%). In the visceral observations, abnormalities and variations of the cardiovascular system were observed sporadically; these fi ndings were not related to the maternal age. Cervical rib was observed at 31 and 40 weeks of maternal age (2.4 and 2.9%, respectively) (Table 1) ; the finding was not considered to be related to the maternal age because the frequency of the fi nding was within the historical data in our laboratory (maximal value 6.5%).
DISCUSSION
The data in the present study demonstrated that increasing female/maternal age affected ovarian reproductive function and the growth and development of the embryos/fetuses in SD rats. The frequencies of females with irregular estrous cycles were increased at older than 23-24 weeks of age. The copulation and fertility indices decreased at older than 35 and 27 weeks of age, respectively. Females at 6 weeks of age showed low numbers of corpora lutea and implantation sites. The numbers of corpora lutea did not change with advancing maternal age but the number of implantation sites decreased in dams older than 27 weeks of age. The pre-and post-implantation loss rates increased in dams older than 23 and 31 weeks of age, respectively. Decreased numbers of live fetuses was observed in dams older than 27 weeks of age. Fetal growth retardation was observed in dams older than 31 weeks of age, and external abnormalities including umbilical hernia were observed at older than 35 weeks of age.
Our study results for the estrous cycles were almost the same as in other reports describing that 50% of Long-Evans rats showed irregular estrous cycles at 8 months or older (Lapolt et al., 1986; Matt et al., 1987) . Watanabe et al. (1994) reported that more than 80% of Jcl:Wistar rats maintained normal estrous cycles at 40 weeks of age while only 22% of Crl:CD(SD) rats maintained normal estrous cycles at the same age as Jcl:Wistar rats. It is known that vaginal smears reflect the condition of the ovaries (Montes and Luque, 1988) , and Lu et al. (1979) reported that females with persistent estrus Fetuses were observed on day 20 of gestation. The numbers in parentheses indicate the number of fetuses and dams, respectively. Vol. 37 No. 3 and diestrus showed ovarian atrophy histologically and a decreased numbers of corpora lutea, indicating ovulatory disturbance. From these, it could be considered that the ovarian function in the rat declined from 23 weeks of age in female SD rats. Females older than 35 weeks of age showed decreases in the copulation index. They also showed smaller numbers of vaginal plugs (data not shown), suggesting a low frequency of lordosis, a behavior that allows mating in female rodents; the detailed mechanism for the decrease in the numbers of vaginal plugs was unclear. The decreases in the copulation indices in middle aged females might be due to the low frequency of lordosis.
The fertility index and numbers of live fetuses decreased with advancing maternal age although the numbers of corpora lutea were not decreased. Therefore, the decreases in the fertility index were considered to be due to the decreases in the number of implantation sites as evidenced by the increases in pre-implantation loss rates. It was also considered that the decreases in the numbers of live fetuses were due to increases in the pre-and post-implantation loss rates. The number of dead fetuses was not affected by advancing age of the dams (data not shown), indicating that embryonic deaths occurred at the early or middle period of pregnancy. In nulliparous Long-Evans rats at 10 months of age, the fertility index and number of live fetuses were 29% and 3.7 respectively (Lapolt et al., 1986) . Matt et al. (1987) reported that the decline of litter size in middle-age rats was directly related to decreased numbers of normally developed blastocysts. An in vitro study showed a higher rate of cleavage delay, fragmentation or degeneration of embryos at 9-10 months of maternal age than those at 3-4 months of age (Peluso et al., 1983) . The high embryonic or fetal mortality (increased pre-and post-implantation loss rates, decreased fertility index and decreased number of live fetuses) noted in the present study is probably due to a higher rate of abnormal embryos related to advancing maternal age. At 6 weeks of age, the number of live fetuses was slightly lower than the minimum values in historical data in our laboratory, and this was considered to be due to low number of corpora lutea because pre-and postimplantation loss rates did not decrease.
In the present study, the number of ossified sacro-caudal vertebrae at 19 weeks of age was lower than the minimum value in the historical data in our laboratory. It has been reported that decreased fetal body weight was one of the causes of decreased numbers of ossified sacro-caudal vertebrae, an indicator for fetal growth (Ariyuki et al., 1982) . Fetal growth at 19 weeks of age was not considered to be abnormal because the degree of the decrease in the numbers of ossified sacro-caudal vertebrae was slight and the fetal body weights were not decreased. It was concluded that fetal growth retardation was occurred in dams older than 31 weeks of age. In the external observations, the increased incidence of fetal umbilical hernia at 35 and 40 weeks of age was also considered to be related to the maternal age. However, the mechanism of the development of umbilical hernia is not clear. Investigation of rat fetuses from dams older than 40 weeks of age may give information on the mechanism of age-related fetal malformations.
In summary, the present study demonstrated that advancing age of the female rats affected the following reproductive parameters: estrous cycles, the copulation and fertility indices, the number of live fetuses, embryonic/fetal growth and development. Changes in some parameters with advancing female/maternal age were different between the different strains of rats. Our results indicate that female Crl:CD(SD) rats aged 8-22 weeks is the appropriate test system for reproductive toxicity study.
